We suggest that the size effect in heterogeneous catalysis on gold nanoparticles (GNP) of ∼1.3 -9 nm size can be related to spontaneous terahertz (THz) emission of GNPs in the process of channeling the energy of longitudinal phonons therein into THz electromagnetic radiation. Since rotational and vibrational energy levels of molecules adsorbed on the GNP surface are in the THz range, the irradiation by self-induced THz photons would engage the molecules' swing and twisting, which in its turn would weaken or break the intramolecular bonds, facilitating their entering a chemical reaction on the GNP surface.
We suggest that the size effect in heterogeneous catalysis on gold nanoparticles (GNP) of ∼1.3 -9 nm size can be related to spontaneous terahertz (THz) emission of GNPs in the process of channeling the energy of longitudinal phonons therein into THz electromagnetic radiation. Since rotational and vibrational energy levels of molecules adsorbed on the GNP surface are in the THz range, the irradiation by self-induced THz photons would engage the molecules' swing and twisting, which in its turn would weaken or break the intramolecular bonds, facilitating their entering a chemical reaction on the GNP surface.
The pioneering works by Haruta et al. (see Refs. 1 and 2 for a review), who discovered catalysis by nanoparticles of gold, hitherto considered to be a neutral metal, triggered attentive studies of gold and other noble metals' nanoparticles. A vast bibliography exists on size effect in heterogeneous catalysis at gold nanoparticles (GNP) -see, e.g., Refs. 3-15 and references therein. It seems that GNP of ∼ 1.3 nm to ∼ 9 nm diameter exhibit catalytic activity, especially pronounced at diameters D below 5 nm, which decreases as the GNP size increases, and disappears at D 10 nm. In ongoing discussion about possible nature of such behavior, we bring to the reader's attention a hypothesis not previously considered, to the best of our knowledge.
We suggest that the catalytic effect takes its origin in longitudinal acoustic (LA) phonons hosted by a GNP, whose energies fall within the major peak of the density of modes in the phonon spectrum of gold, centered around ∼ 4.2 THz. Under certain conditions, part of the energy of these phonons (whatever the mechanism supplying them) can be channeled into emission of photons in the terahertz (THz) range. As this is the frequency domain typical for rotational and vibrational movement, the chances are that the molecules adsorbed on the GNP will have degrees of freedom in resonance with the photons emitted. Consequently, the THz "irradiation" by a host GNP may swing and twist the molecules, eventually resulting in weakening or breaking the chemical bonds. The effect of molecular parts entering a chemical reaction in the vicinity of GNPs is then recognized as heterogeneous catalysis. The mechanism enabling THz emission by GNPs was already addressed in our previous works albeit in a different context.
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A crucial role in the process involving LA phonons and resulting in emission of THz photons is played by electrons at the Fermi level, which can be, first, excited over several steps of their discrete (by force of spatial confinement) energy spectrum, and then undergo either a radiative or non-radiative relaxation. The details of the electron excitation are without relevance for the following simplified discussion. The general idea, however, that some energy from the phonon "bath" can be channelled into THz emission seems to be compatible with recent experimental evidence that the peak of the density of modes of LA phonons in GNPs slightly redistributes part of its intensity to the low-frequency side, as compared to the corresponding peak in bulk gold, see One may wish to discriminate between surface phonons, which propagate over roughly circular orbits on the GNP's surface, and bulk or "wall-to-wall" ones, i.e., along the GNP's "diameter". These two species are expected to act differently in the process of electron excitation. We will see that the allowed energies of surface phonons are relatively densely distributed, so that matching the energy steps with the electron system can be easily found and offer a "typical" channel of the electron excitation. A generally more sparsely quantized bulk phonons would less likely find a match and be absorbed "in whole" by the electron system; however, two-phonon processes can not be excluded whereby a higher-frequency phonon shares its energy onto that of the Fermi electron and the lower-frequency phonon.
Let us elaborate on the conditions of how the particle size, of the order of 1.3 to 9 nm, enters the picture. For simplicity -and in absence of more realistic models -we consider a GNP to be spherical of diameter D. The crucial observation is that the quantisation step for energies of bulk phonons ought to be substantially (by a factor of ≃ π) more sparse than for surface ones. Indeed, the quantisation step for the momentum of a "wall-to-wall" phonon confined within the length D will be h/D, and the corresponding energy step ∆E 
hence FWHM ≃ 2.8 meV for the following. For surface phonons, the confinement length on the GNP surface is of the order πD, hence the corresponding energy steps are more dense, ∆E = hv * L /(πD). The energy matching conditions below have yet to be "softened" to account for the Heisenberg uncertainty relation following from the particles' small size, in the spirit of the discussion in Ref. 17 , Appendix 1. With the momentum uncertainty given by Eq. (9) of this work, the uncertainty for the energy is δE ≃ v * L h/(2πD). The interplay of different processes in the GNP may look, qualitatively, as follows. A typical bulk phonon would hardly excite the Fermi electron, since the phonon's energy would be too high, or too much off-tune, with respect to the electron's discrete levels separation (given by the spatial confinement and the electron density in terms of the Kubo formula -see discussion in Ref. 19 ). However, a "circular" phonon might more easily satisfy a matching condition (for energy and momentum) to excite a Fermi electron across several steps in its energy spectrum. Releasing this energy back in the course of relaxation via releasing a bulk phonon will typically be difficult, since the energy steps of the latter are sparse. However, the relaxation via emitting a photon might be possible, as long as energy matching (a priori no problem) and the momentum conservation (possible, taking into account the uncertainty relation) are secured. The maximum of emission is expected at energies of the most populated "primary" phonons, i.e., within the FWHM centered at ∼ 4.2 THz.
Otherwise, a Fermi electron may get excited by interacting with two bulk phonons, absorbing the one and releasing the other, as long as the conservation conditions hold -see discussion in Ref. 17 . Again, the relaxation channel via releasing a bulk phonon might be complicated by force of the same argumentation as above, to the advantage of relaxation via emitting a THz photon.
Somehow naively, the condition to prevent an easy relaxation into releasing a bulk phonon would be that ∆E ↔ be substantially larger than the FWHM of the phonons' main peak, adding to it the "tolerance" due to the uncertainty relation, δE, hence
or, with the numerical estimations given above, D < 1.2 nm. Note that this condition stands for the maximal catalytic activity of GNP, when the relaxation channel into releasing a LA phonon is effectively excluded; larger D values would not completely block this channel but gradually increase its probability, thus depriving the THz photon emission of its efficiency. Numerical estimates for two "representative" GNP sizes yield the following.
2 meV, δE ≃ 0.5 meV, so that FWHM+δE ≈ 3.3 meV. Even if the sparseness of phonon energy levels, ∆E, is not markedly larger than FWHM broadened by the uncertainty relation, the discretisation of the phonon energy steps remains "visible" on the energy scale given by FWHM; this amounts to certain selectivity of which excitation energies of an electron can be diverted into releasing phonons and which not. The excitations "forbidden" for being released into phonons ought to be relaxed via emitting a THz photon.
For D = 10 nm, ∆E ≈ 0.4 meV, δE ≃ 0.1 meV, and FWHM+δE ≈ 2.9 meV, hence much larger than ∆E. This means that, in practice, the phonon spectrum is quasicontinuous, and any electron excitation can be converted into phonon, leaving only marginal probability for THz emission channel. This is consistent with the experimental observation that the catalytic activity of GNPs of D = 10 nm size is much lower than that of GNPs with D = 1.3 nm.
An extrapolation from the suggested mechanism of catalysis is that an activation of chemical reaction can be directly promoted by THz radiation. In fact, this view seems to find support in a work by LaRue et al. 20 who selectively induced the CO oxidation on Ru by applying intense THz pulses. A further study on this subject, especially in what concerns selectivity and sensitivity, may promise an enormous economical significance, because more than 80% of the present industrial chemical processes use catalysts (see Ref. 21 , Sec. 1.3). However we would not go that far as to presume that metal nanoparticles could be fully substituted by THz emitters of a different nature. Rather it seems that the efficiency of catalytic process on GNPs depends on the interplay of size-dependent (e.g. those discussed above) and size-independent conditions. Among the latter one may single out local electric fields due to compression waves on the GNP's surface. A recent work by Pingel et al. 22 addresses "the relationship between strain and catalytic function" on the surface of nanoparticles. It is possible that the electric fields created by strains and compression waves stay subcritical for catalytic activity, whereas the THz radiation (hence size-dependent effect) makes it critical.
We note in passing that an independent experimental evidence seem to manifest the (different) role of LA phonons propagating on the surface of gold nanospheres, namely, the size effect in hyperthermia. 19 The nanoparticles with sizes D ≃ 5 − 10 nm seem to be the most efficiently heated by irradiation at 13.56 MHz. The context discussed in the present contribution covers the "complementary" case of GNP cooling accompanying the emission of THz photons.
